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Abstract

Culverts are a major cause of habitat fragmentation in freshwater ecosystems, are a barrier to fish
movement, and can be regarded as a significant contributor in the decline of freshwater fish
populations globally. To try to address this, various culvert remediation designs have been
implemented, including the installation of vertical baffles and the provision of naturalistic (rock)
substrates. While remediation strategies generally aim to reduce the velocity of water flowing
through the structure, there is often resistance to their use because the resultant reduction in culvert
discharge can negatively impact upstream flooding while also resulting in debris clogging and
increased culvert maintenance costs. In addition, baffles markedly increase water turbulence that
may be detrimental to passage by some fish species or size classes. Here we present some novel
remediation designs that exploit the reduced water velocity in boundary layers along the culvert
wall to enhance fish passage without significantly compromising discharge capacity. These
longitudinal designs produce an expanded reduced velocity zone along the culvert margins that
generate minimal turbulence. We show that these novel designs are significantly advantageous to
the swimming endurance and traversability for six small-bodied Australian fish species. We also
provide data on how and why some culvert baffle designs may impede small-bodied fish passage.
This data scales with increasing water velocity, encompassing inter-specific differences in
swimming capacity. These results have broad implications for the movement of small-bodied fish
species, and the successful recruitment of large-bodied commercially important species, where
baffles have been implemented.

Introduction

Fish are a ubiquitous component of freshwater ecosystems, the diversity of which means we rely
them directly for food, but also on their ecosystem services by maintaining system health,
functionality and robustness (Gordon et al. 2018, Obreg6n et al. 2018, Rodriguez-Lozano et al.
2015). Despite this, freshwater systems are one of the most threatened by human activities
(Carpenter et al. 2014). Regulating the flow of freshwater systems to control water access has
severely fragmented fish habitats worldwide and threatens the persistence of thousands of
freshwater fish species (Butchart et al. 2010, Humphries & Walker 2013, Katano et al. 2006, Kroon
& Phillips 2015, Liermann et al 2012). Importantly, movement within and between river, stream
and estuarine environments is essential for fish to access critical habitats for reproduction, food and
refuge (Humphries & Walker 2013, Lucas et al. 2009). Anthropogenic modification of waterways
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can restrict these movements and has led to the fragmentation, decline and local extinction of
freshwater fish populations worldwide (Butchart et al. 2010, Humphries & Walker 2013).

Artificial instream barriers such as dams, weirs and culverts, are major contributors to the loss of
freshwater biodiversity. Significant work has focused on designing and implementing fish passes
for large-scale barriers (dams and weirs) (Anderson et al. 2015, Loucks 2012). However, these large
structures are substantially outnumbered by low-head barriers, specifically culverts, which are
designed to maintain water connectivity under roads, railways and embankments (Lucas et al.
2009). Recent analysis now estimates that these smaller barriers have a greater cumulative impact
on fish populations due to their high abundance within freshwater systems (Januchowski-Hartley et
al. 2013). This recognition has fuelled the requirement for remediation strategies that work to
improve fish passage through culverts (Duguay & Lacey 2016, Goodrich et al 2018, Rodgers et al
2017). Culverts were originally designed to maximise hydraulic capacity with little to no regard for
fish passage. Consequently, many culvert designs create a hydraulic barrier to fish movement by
increasing water velocities and decreasing surface roughness, creating smoother flows through the
structure (Rodgers et al. 2014). Recognition of the impact of culverts on fish passage has resulted in
the adoption of a range of remediation strategies.

Current culvert remediation strategies include increasing the structure’s cross-sectional area to slow
water velocities, addition of baffles and ropes, and roughening of the channel bed with naturalistic
or artificial substrates (Table 1)(Chanson & Uys 2016, David et al. 2013, Goodrich et al. 2018,
Rodgers et al. 2017, Slawski & Ehlinger 1998). Strategies employing bed roughening and baffles
aim to increase the size and frequency of the low velocity boundary layer (BL) at the culvert
margins. A boundary layer is formed from the friction between the water and the solid surface over
which it flows. Culvert remediation strategies aim to increase the size of the boundary layer, which
creates reduced velocity zones (RVZ’s) that fish can exploit (Goodrich et al. 2018, Johnson et al.
2012, Rodgers et al. 2017). These low velocity regions act as energetically favourable movement
pathways for fish by reducing the energetic costs associated with swimming in an otherwise high
velocity environment. These strategies have proved effective at improving culvert traversability in a
number of large bodied commercially important fish species (Johnson et al. 2012), and more
recently, for some small-bodied native Australian fishes (Goodrich et al. 2018, Rodgers et al 2017).
In addition to increasing the size of RVZs, baffles, bed roughening and ropes, all create turbulence
(Table 1). Turbulence can be defined as the pattern of fluid movement characterised by chaotic
changes in flow caused by the interaction of otherwise smooth flow with objects in its path, creating
eddies and vortices in its wake. Different fish species respond differently to turbulence, some
unfavourably with reduce swimming performance and rates of successful passage (Goodrich et al.
2018, Lupandin 2005, Pavlov et al. 1994, Pavlov et al. 2000). In contrast, some species are able to
enhance swimming performance in turbulent flows by utilising eddies (swirling water pockets) to
propel themselves forward against water flow via a swimming mode called karméan gaiting (Liao et
al. 20034, Liao et al. 2013b, Taguchi & Liao 2011). However, for this to strategy to be effective, the
eddies must be similar in size to the fish. This restricts the postive effect of turbulance to a certain
size class at a particular water velocity, for a specific baffle design. Turbulence does not benefit all
fish species, likely due to the interspecific differences in swimming mode, morphology and
ecological niche (Goodrich et al. 2018).



Table 1. Attributes of current culvert remediation strategies

Remediation How it works to increase fish Pros Cons
strategy passage
Increasing e Increased cross-section e Reduces risk of e Increased capital

structure size expenditure

¢ Reduces velocities through upstream

structure

flooding

e Refurbishment of current
structure required

Baffles Solid structures generally o Retrofitting e Prone to foul with debris
perpendicular to flow opportunities ¢ Reduced culvert discharge
Provide low velocity rest areas e Cost effective to capacity
Create turbulence for kdrmén implement o Turbulence created is only
gaiting beneficial for a narrow size
class of fish, which is
dependent on baffle design
and flow characteristics
Bed roughening o Created by adding natural rocky | e Can retrofit ¢ Not all fish benefit from
substrate o Cost effective turbulence
o Disrupts even flow across an e Minimal impact
otherwise smooth surface to on culvert
increase the boundary layer. This discharge

creates a low velocity zone near
the substrate. Turbulence is also
enhanced aiding small-bodied
fish to kdrman gait

Addition of ropes o Increases surface area roughness | e Can retrofit

o Provides substrate for climbing o Cost effective
species e Minimal impact

on culvert

discharge

e Limited number of species

While altering velocities and turbulence through the various remediation strategies focuses on the
biotic requirements, there are complementing concerns about the impacts of remediation strategies
on the civil functionality of culverts, that being their ability to discharge water in a cost effective
manner. Both baffles and bed roughening compromise culvert functionality by reducing culvert
discharge capacity (Olsen & Tullis 2013), which can have flow-on impacts on upstream flooding.
Additionally, both baffles and bed roughening can also increase the likelihood of debris build up
and clogging. This increases the maintenance costs associated with culverts remediated via either
strategy and can create a physical barrier to fish passage. Taking into account these civil concerns,
the positive effect of larger RVZ, and the mixed effects of turbulence, we designed and tested novel
remediation strategies to improve fish passage through culverts.

Previously, we identified that Australian small-bodied and juvenile fish predominantly utilise the
RVZ associated with culvert corners (Goodrich et al. 2018). Here the boundary layers of the wall
and bed merge to create a larger RVZ that is exploited by the fish to reduce their energy
expenditure. Subsequently, we developed novel lateral beam designs that run down the length of the
channel to increase the size of the RVZ (Fig. 1). We hypothesised that the longitudinal beams
would increase the boundary layer effect to increase the size of RVZ and provide low velocity
movement paths for fish. It was hypothesised that fish would actively seek out these regions to
enhance their swimming endurance and traversability. Two beams (square and rounded) and a ledge



design were created, aimed to enhance the size of the RVZ adjacent to the wall of a 12 m flume
while minimising excessive turbulence. We compared these to two triangular baffle treatments,
which have been shown to have the best compliance with the civil requirements of available baffle
designs (Cabonce et al. 2017, Goodrich et al. 2018).
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Figure 1. Schematic diagram of flume setup and cross section profiles of the designs tested. We tested a
control channel (A) against a square beam (B), circular beam (C), ledge (D), baffle (E) and baffle with hole
(F). B, C and D ran longitudinally through the channel, while E and F were spaced 0.66 m apart. Schematic
representation of 12 m glass flume (G) used throughout swimming trials showing the depth adjustment gate
(1), wire screen to capture fish upon fatigue (2), square beam as example of longitudinal channel
modification (3), wire barrier to prevent fish entering inlet chamber (4), flow straighteners (5) and the water
inlet (6). Not drawn to scale.

Methods
Species choice and husbandry
Fishway research has focused predominately on large bodied, commercially important species like

salmon and sturgeon (Johnson et al. 2012, May & Kieffer 2017, Taguchi & Liao 2011), with small
bodied and juvenile fishes representing an important knowledge gap. Small-bodied fish species



represent the most threatened size range of fish (Kalinkat et al. 2017, Olden et al. 2007, Ripple et al.
2017), the loss of which would have lasting impacts on ecosystem functionality, health and services
(Mouillot et al. 2013, Rodriguez-Lozano et al. 2015). We chose six small bodied or juvenile (<10
cm total length) native Australian fish species to quantify the effect of our culvert remediation
designs: These species are endemic to Australia and represent a variety of different body
morphologies, swimming performance, and ecological habits, allowing them to act as proxy species
for informed management decisions.

Juvenile Macquaria ambigua, (n = 90; TL: mean £ s.e. 54.99 + 0.77 mm; range: 23-76 mm),
Maccullochella peelii (n = 75; TL: mean % s.e. 73.54 = 0.78 mm; range: 60-95 mm), Tandanus
tandanus (n = 90; TL: mean £ s.e. 65.23 £ 0.65 mm; range: 45-81 mm) and adult Hypseleotris
compressa (n = 90; TL: mean * s.e. 59.92 + 0.90 mm; range: 43-82 mm), Ambassis agassizii (n =
90; TL: mean % s.e. 59.29 £+ 0.62 mm; range: 40-72 mm) and Pseudomugil signifer (n = 90; TL.:
mean = s.e. 41.81 + 0.31 mm; range: 35-49 mm) were obtained from commercial hatcheries in
southeast Queensland, Australia. Fish were held in 40 L aquariums that formed part of three 1000 L
recirculating systems. Water temperature was maintained at 25°C + 1°C, and fish were exposed to a
12:12 h - light:dark cycle. Fish were fed to satiation daily using commercially sourced fish food
pellets (Hikari™ micro-wafers) and frozen bloodworms (Chironomidae). All fish were fasted for 24
hours prior to each swimming performance trial to ensure a post-absorptive state (Norin et al.
2014).

Channel remediation designs

Swimming trials were conducted within a 12 m flume (dimensions: 12 x 0.5% 0.30 m; L x W x H;
Fig. 2) with a constant supply header tank system. The inlet was fitted with flow straighteners and a
stainless steel mesh screen to prevent fish entering. This formed part of a 40 000 L recirculating fish
swimming facility at The University of Queensland’s Biohydrodynamics Laboratory. Water within
the swimming facility was maintained at a constant temperature of 25°C + 1°C using an industrial
heater/chiller (Oasis C58T- Vb, New Zealand). Fish were swum in six treatments including a
control channel with PVC sheeting lining the walls (Fig 1). The three novel designs were square
beams (12 x 0.5 x 0.5 x m; L x W x H), circular beams (12 x 0.55 m; L x radius) and a ledge (12 x
.05 x 0.05 m; L x W x PVC thickness). Initially we included just the triangular baffle (Isosceles
triangle: 0.133 m height). After the very poor performance of all species swum in the baffle
treatment, the baffle with hole design was included (Isosceles triangle 0.133 m high, hole diameter
0.013 m, located 4 cm from sidewall and above channel bed). The hole was to allow the space
before the baffle to ventilate, to reduce the strong recirculating turbulence that was disorientated
fish. (H. Chanson 2017, personal communication). For both baffle treatments, the baffles were
spaced 0.66 m apart. All of the designs were fabricated using polyvinyl chloride (PVC).

Swimming performance

The endurance swimming capacity, or time taken to fatigue at a set velocity, was recorded for each
individual across each modification treatment and smooth control (n=15 per species per
modification). All swimming trials lasted for a maximum of 60 min, with trials equal to or greater
than 60 mins being treated as censored or unobservable data. No fish were swum in the same
treatment more than once, and M. ambigua, T. tandanus, H. compressa, A. agassizii and P. signifer
were given a resting period of at least 14 days between swim trials. Due to rapid growth of juvenile
M. peelii, individuals were given a resting period of 7 days between swim trials. Each species was
swum at bulk water velocities relative to their known Ucrit value, which is the maximum sustained
swimming speed a fish is capable of maintaining for 5 min. As swimming fish in different



equipment results in different swimming performance values (Kern et al. 2017), we swam the
control treatment first to ensure fish fatigued in less than 5 min. Subsequently, M. ambigua, T.
tandanus, and H. compressa were swum at a bulk water velocity of 0.4 m.s, while A. agassizii and
P. signifier were swum at 0.5 m.sand M. peelii 0.6 m.s*%. These velocities were above the
Australian national guidelines for culvert design of 0.3 m.s* (Fairfull & Witheridge 2003).

Fish behaviour

Traversable water velocity models can be used to determine the theoretical maximum traversable
water velocity that a fish can traverse through culverts of differing lengths (Goodrich et al. 2018,
Rodgers et al. 2014). While these models are able to provide recommendations of the maximum
water velocity through a culvert of a certain length for a species, they are unable to determine
whether the structure will promote fish movement. To give insight into the fish’s behaviour we
recorded the traversability of each individual. Traverse success was defined as the ability of the
individual to move through 8 m (average length of a culvert within New South Wales, Australia,
waterways ranges from 8 — 10 m in length) of the channel without encouragement. Additionally, to
determine how the fish were utilising each modification, fish position was also timed during each
swimming trial to quantitate if the remediation designs were being used by the fish. Utilisation was
defined as the fish swimming underneath, behind, above or directly adjacent to the modification
that would potentiate utilising the RVZ created by the design. Percent time spent using the
modification was then recorded from the total swim time for each individual.

Hydraulics

An acoustic Doppler velocimeter (ADV) (Vectrino Laboratory Version, Nortek, serial number:
VNO 1686) equipped with a three-dimensional side-looking head was used to determine the
boundary layer and turbulent properties of fluid flow in the 12 m channel for each treatment. A 7 x
6 grid (0.5, 3, 12.4, 24.75, 37.1, 46.5 and 49 cm from the left wall and 0.58, 1, 2.5, 5.5, 8.5 and 10
cm depth) of point velocities and turbulent intensity (K) were made at 6 m along the length of the
channel. The position of the probe was controlled by a fine adjustment mount connected to a
digimatic scale (HAFCO, Taiwan). The ADV was set with a transmit length of 0.3 mm and a
sampling volume of 1.5 mm height. The signal was sampled at 200 Hz for 180 s, and a maximum of
36000 samples. ADV data was post processed using WinADV (version 2.030) to remove
communication errors, average signal to noise ratio less than 5 dB, and average correlation values <
60%.

Turbulence intensity (K) was calculated using the following equation adapted from Grinval’d and
Nikora (1988) and Goodrich et al (2018):

K = RMS(Vx)/ Vx

and:

RMS(Vx) = \/Z xt - QVni/m

n—1

Where K is the turbulent intensity, RMS (Vx) is the root mean square deviation from the time-
averaged velocity Vx.



To determine the effect of each modification on the hydrodynamics of fluid flow, heat maps of
turbulent intensity and point velocities were created using DPlot graphing software (Version
2.3.5.5, 2017).

Statistical analyses

All statistical analyses were performed using R version 3.2.3 (R Development Core Team, 2017) in
the RStudio environment (Version 1.0.143). The Survival package (Therneau 2015) was used to
analyse endurance data by estimating the probability of fatigue over time for each of the channel
treatments. The ZOIB package (Liu & Kong 2015) was used to analyse the utilisation data using a
zero one inflation model. Traversability was analysed using a binomial generalized linear model
with traverse success as the response variable and remediation strategy and species as predictors.
Statistical significance was defined at p < 0.05.

Results
Hydraulics

Velocity contour plots of channel cross-sections show that the square, circle and ledge designs all
altered point velocities and expanded the RVZ in the space adjacent to the wall and channel bed,
when compared to the same area in the control channel (Fig. 2). These data also supported our
prediction that the square, circle and ledge designs would cause minimal change to the rest of the
cross-sectional velocity profile compared to the control channel (Fig. 2). Both baffle treatments
were shown to create the largest RVZ along the modified wall, but this corresponded with higher
velocities across the rest of the channel cross-section in order to maintain discharge volume. The
large change in point velocities observed in the two baffle treatments corresponded with the greatest
increases in turbulent intensity (K) (Fig. 2). The turbulent intensities quantified in both baffle
treatments were up to two orders of magnitude greater than the control channel (Fig. 2). The
turbulence profile of the square modification was most similar to the control channel, with overall
increases in turbulent intensities created by both the circle and ledge designs. The circle
modification created an area of increased turbulent intensity under the modification but the RVZ
associated with the wall was still present. An ANOVA between the point velocities showed no
significant differences between treatments, meaning the bulk channel velocity (the average channel
velocity) was not altered by any of the designs tested. Comparing the turbulent values between
treatments revealed a significant increase caused by the baffles with holes (ANOVA, p > 0.0001)
and notable increase cause by baffles (p = 0.06), when compared to the control channel. The
comparison of turbulent values associated with the square, circle and ledge, with the control
channel supported that the profiles displayed high similarity (ANOVA, all p > 0.98). Overall the
square design was able to create the largest RVZ with minimal turbulence generation, by merging
the boundary layers of the bed, wall and bottom surface of the beam to create a reduced velocity
channel for fish to utilise.
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Figure 2. Contour curves of constant longitudinal water velocity (Vx, m s ') and turbulent intensity (K) in
the control channel and remediation treatments (square beam, circle beam, ledge, baffle and baffle with
hole). K has no units as its value relative to the mean velocity, for example a 0.2 value represents a 20%
fluctuation. Bulk water velocity in the channel was 0.3 m s 1. Modifications were fitted to the right wall of
the channel, with white spaces show areas that were subsequently not accessible to the ADV.

Fish swimming endurance

The average endurance swimming times (seconds x SD) in the control channel were 88.2 + 10.3, 17
+1.4,63+6.7,50.7+7.4,47.8 £ 11.6 and 50.5 + 3.6 for Ambassia agassizii, Pseudomugil signifier,
Hypseleotris compressa, Macquaria ambigua, Tandanus tandanus and Maccullochella peelii
respectively (Fig. 3). Total body length had a significant effect on swimming endurance in P.
signifier (X?7= 9.24, p = 0.002) but had no effect on swimming endurance for any other species (A.
agassizi: X?7=2.22, p = 0. 14; H. compressa: X?7 = 0.58, p = 0.44; M. ambigua: X?7 = 0.30, p = 0.60;



T. tandanus: X?7=0.70, p = 0.4; M. peelii: X?%6= 1.90, p = 0.17). Body mass had a significant effect
on the swimming endurance of M. peelii (X?%= 9.48, p = 0.002) and P. signifier (X?= 4.47,p =
0.03), but had no effect on swimming endurance performance for any other species (A. agassizi: X?7
=1.96, p = 0.16; M. ambigua: X?7= 1.1, p = 0.3; T. tandanus: X?7= 1.78, p = 0.2; H. compressa:
X?7=0.88, p = 0.35).
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Figure 3. (A) Endurance probability (+ sign indicates some fish of that species swam for the maximum time
of 3600 s.in that design and the data was censored accordingly), (B) Average traverse success (proportion +
s.e.), (C) Average time spent utilising channel treatments (proportion (%) + s.e.).

Relative to the smooth control channel, the semi-circle design significantly increased the swimming
endurance performance of A. agassizii (X?7=21.16, p = <0.001), P. signifier (X?7=46.76,p =<
0.001), M. ambigua (X?7=5.06, p = 0.02), T. tandanus (X?7=62.03, p = <0.001) and M. peelii (X%
=28.4, p = <0.001). This design was most beneficial to T. tandanus and P. signifier with the
introduction of the beam increasing their mean swimming endurance performance above that of any
other modification when compared to the control channel.

The longitudinal ledge significantly increased the swimming performance, above that in the control
condition, of four of the six examined species: A. agassizii (X?7=39.82, p =< 0.001), P. signifier
(X?7=13.46, p = < 0.001), T. tandanus (X?7= 31.14, p = < 0.001), and M. peelii (X?%6=79.21,p =<
0.001). This modification was most beneficial to M. peelii and A. agassizii with the introduction of
the ledge increasing their mean swimming endurance performance above that of any other
modification when compared to the control channel.

The square longitudinal beam was the only modification to significantly increase the swimming
endurance performance of all species when compared to the control channel (A. agassizii (X?7=
16.08, p = < 0.001), P. signifier (X?7= 27.55, p = < 0.001), T. tandanus (X% = 37.74, p = < 0.001),
M. peelii (X% =21.90, p =< 0.001), M. ambigua (X?7=40.92, p = < 0.001), H. compressa (X?7 =
31.19, p = < 0.001)). This modification was most beneficial to H. compressa and M. ambigua with



the introduction of the beam increasing their mean swimming endurance performance above that of
any other modification when compared to the smooth control channel.

Both baffles designs were the only modifications used throughout this study that did not provide a
performance benefit to any species, and even decreased the average endurance times of some
species when compared to the smooth control channel (Fig. 3). The baffles significantly decreased
the swimming endurance of A. agassizii (X?7=20.61, p = < 0.001), P. signifier (X?7=6.02,p =
0.01), H. compressa (X?7=5.87, p = 0.02), M. ambigua (X?7= 23.60, p = < 0.001) and T. tandanus
(X?7=3.94, p = 0.047). Likewise, the baffles with holes significantly decreased the swimming
endurance of A. agassizii (X?7=21.72, p =< 0.001), H. compressa (X?7=7.09, p = 0.007), M.
ambigua (X?7=48.34, p = < 0.001), and T. tandanus (X?7 = 4.25, p = 0.04 when compared to the
control channel.

Utilisation of channel modifications by fish

Upon beginning a swim trial, individual fish would generally explore the channel bed. Once the
RVZ was discovered, most fish would utilise it until fatigue. Utilisation was defined by the body
position of the fish being adjacent to a surface where it was in a RVZ created by either the beam or
baffle designs. Most species spent similar times utilising the longitudinal remediation strategies and
less time utilising either baffle designs (Fig. 3). Specific comparisons between each of the channel
modifications revealed that A. agassizii, H. compressa, M. ambigua, T. tandanus and M. peelii
spent significantly more time utilising the square beam when compared to the baffle (p < 0.0001; p
<0.0001; p=0.04; p =0; p=0.08 respectively). Likewise, A. agassizii, P. signifier, H. compressa,
T. tandanus and P. signifier spent significantly more time utilising the square beam when compared
to baffles with holes (p < 0.0001; p =0.04; p =0.01; p = 0.008; p = 0.04 respectively).

The circular modification also showed significantly higher utilisation by several species when
compared to the baffle and baffle with hole. A. agassizii, H. compressa and T. tandanus spent
significantly more time using the circle than the baffle (all p <0.0001) and baffle with hole (all p <
0.0001). Furthermore, M. ambigua, and M. peelii spent significantly more time utilising the circle
modification when compared to the baffle (p < 0.0001; p < 0.0001; p = 0.01 respectively).

Between the two baffle designs, M. ambigua was the only species with a significant difference in
utilisation times, spending significantly more time using the baffles with holes, than the baffles (p =
0.02). There was no significant difference between the average time spent utilising the square and
circle, and square and ledge modifications, for all species. H. compressa was the only species to
spend significantly more time using the circular modification when compared to the ledge (p =
0.04).

Comparing the ledge with the baffle designs showed that H. compressa, T. tandanus, M. ambigua
and P. signifier all spent significantly more time using the ledge (all comparisons p < 0.0001).

Traversability

Averaging over the species swum, the square (p = 0.001), semicircle (p < 0.0001) and ledge (p =
0.047) all significantly improved the traverse success rates when compared to the smooth control
channel. There was no significant difference between the beam designs when averaged across
species. The circular design significantly improved the traverse success of P. signifier, H.
compressa, A. agassizii, M. ambigua and T. tandanus (all p < 0.0001). Although M. peeli showed a
significant decrease in traverse success in the circular design compared to the smooth control



channel (p < 0.0001). The square design showed a significant increase in traverse success for P.
signifier, M. peeli, A. agassizii, M. ambigua and T. tandanus (all p < 0.038). No fish were able to
traverse the test channel in either of the baffle designs.

Scaling of the RVZ under the square design with bulk channel flow

Further hydrological characterisation was done on the square modification to determine how the
RVZ under the beam responded to changes in bulk channel velocity relative to the same corner in
the smooth control channel (no beams or baffles). The bottom surface of the square modification
caused the boundary layers associated with the wall and bed to merge and created a pocket of
reduced velocity (Fig. 4). This reduction was exacerbated with decreasing bulk channel velocity
(Fig. 4), indicating that greater benefit to fish is produced at lower bulk channel velocities. Over the
range of bulk channel velocities measured here, the mean Vx under the beam was approximately 20
% lower than in the main channel body.
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Figure 4. Scaling of the RVZ under the square modification with increasing bulk channel velocity. The size
and magnitude of the RVZ under the square modification increases with decreasing bulk channel velocity.
Values are presented at percent reduction.



Discussion

The novel beam designs all provide a significant improvement in the endurance and traversability
of a wide range of small-bodied and juvenile fish species when compared to either baffle designs or
the control channel. Further, we show that baffles can have a negative impact on small fish, largely
due to the generation of excessive turbulence at high bulk velocities relative to their swimming
capacity. By creating a reduced velocity channel with the longitudinal beam, we avoid the issues
created by excessive turbulence and increase the maximum bulk channel flow that any fish can
swim against, regardless of morphology and ecology.

The longitudinal beam designs generated an expanded low velocity zone between the beam and the
base of the channel that reduced the velocity of water by as much as 33 % of the bulk channel flow.
The majority of fish species showed a clear preference for, and performance improvement in the
presence of, the longitudinal beams designs compared to both baffle designs. This was because the
baffle designs generated considerable turbulence at high bulk channel velocities that had a negative
impact on small fish. Although it could be argued that baffles may still provide benefits for fish at
slower bulk channel velocities where turbulence is reduced, low velocity flows are less likely to be
problematic for fish. Additionally, the magnitude of the velocity reduction provided in the RVZ
increases with reduced bulk channel flow. Simply, the slower the overall channel flow, the more
effective the square beam becomes at providing a RVZ for fish to utilise. Given this, the square
beam design provides an alternative to baffles, which may be unsuitable for promoting the passage
of some small bodied or juvenile fish through culverts where high discharges occur. By contrast, all
longitudinal beam designs produced minimal turbulence and had little impact on channel discharge
capacity indicating that they may prove more effective for remediating culverts to improve the
upstream passage of small fish whilst permitting relatively high bulk velocities.

Irrespective of differences in body size, shape, swimming capacity and mode, all tested fish species
were able to derive a performance benefit at high water velocities in the presence of the square
beam design. In contrast, baffles impaired fish swimming performance at high bulk velocities likely
due to the high degree of turbulence generated by water flowing over and around the baffles.
Excessive turbulence creates hydraulic barriers to fish movement and increases energetic cost of
swimming (Enders et al. 2003, Yuan et al. 2017) unless the size of the eddies are comparable to the
fish body size (Pearson et al. 2006). As eddy size will change with channel bulk velocity (Baki et al.
2015), and natural streams contain complex assemblages of species and size classes (Dudgeon et al.
2005, Winemiller & Leslie 1992), the ability of baffles to provide a positive effect is limited to a
small bulk velocity for an individual fish. Additionally, the size of, and spacing between baffles
determines the degree of turbulence generated and must be optimized for target fish species and size
class (Feurich et al. 2012, Rajaratnam et al. 1988), adding complexity into the assessment of their
benefit. This limits their efficacy for promoting fish passage for small-bodied fish. In contrast, the
novel beam designs appear to avoid these issues by creating a consistent reduced velocity channel
with minimal generation of turbulence along the full length of the channel. Specific to our study,
this resulted in an increase in endurance and traversability for all six fish species in most of the
beam treatments, and in a broad context, could greatly increase the maximum bulk channel velocity
under which any small fish could successfully traverse a culvert in situ.

The quantification of fluid flow characteristics showed that, as predicted, all longitudinal beam
designs increased the size of the RVZ when compared to the smooth culvert control channel. These
RVZ’s form due to the friction of the water flowing against a surface and increase in size when two
surfaces run adjacent to one another and their respective boundary layers merge (Goodrich et al.
2018). The use of RVZ’s by fish is well supported here and in the literature (Goodrich et al. 2018,



Johnson et al 2012, Rodgers et al. 2017). The RVZ provides an energetically favourable movement
path for fish by reducing the energetic cost associated with upstream swimming, increasing their
endurance capacity (Johnson et al. 2012). An increase in swimming endurance was demonstrated
for at least one species in all of the beam style designs, but notably all species benefited from the
square design. By contrast, neither baffle design was able to improve fish swimming endurance
capacity, suggesting that at high water velocities, these baffles may create levels of turbulence
which exceed the swimming capabilities of some small bodied fish species.

In contrast to the triangular baffles, fish were very often found to be within or to associate closely
with, the beam designs. We propose that in addition to the favourable energetic conditions created
by these beam designs, the covered spaces under the modifications may act as behavioural refuge
for small fish. It is known that habitat structure influences prey mortality (Pitcher & Soluk 2016),
and fish that seek refuge from predators are less likely to be captured and consumed (Denno et al.
2005, Savino & Stein 1982). We suggest that a combination of energetic benefits and behavioural
responses contributed to the amount of time each species spent utilising the different modifications
tested throughout this study.

The longitudinal beam designs provided a reduced velocity zone in relatively high water flows that
was between 16 and 30% lower than that of the main channel flow. Although the relative magnitude
of the RVZ reduction decreased with increasing bulk velocity, that they still facilitated fish passage
at high water flows shows that they can effectively provide a velocity refuge for fish that can be
exploited for upstream passage. Moreover, all of the longitudinal bean designs tested here had
negligible impact on channel discharge capacity and so are likely to conform to civil requirements
and performance capacity. The longitudinal beams designs are also less likely to trap debris like
baffles do, which may improve their appeal to infrastructure managers and increase their utility for
fish passage in new and remediated culverts.

Despite the negative findings reported here for small-bodied fish, baffles of various designs remain
one of the most widely implemented culvert remediation strategies (Kapitzke 2010). This is due to
the positive effect baffles have on improving the passage of large, commercially important fish
species, with the literature heavily weighted towards salmonids (Forty et al. 2016). Large bodied
fish would be unlikely to benefit from the beam designs tested here as increasing the size of the
void beneath the beam would likely reduce the relative change in water velocity. Moreover, the
water flow velocities used in the current study would be unlikely to impact the passage of large
bodied fish, assuming water depth was sufficient. However, we have to date, only tested one
spacing configuration in relation to fish passage. While effective for the majority of small fish
examined here, combinations of remediation designs, dependent on site-specific community
structure, may be appropriate to ensure all commercially and/or ecologically species can traverse
culverts at high bulk flows.

The square, circle and ledge remediation designs tested here all improved the ability of small fish to
swim in a culvert like channel against high bulk velocities, while having negligible impact on the
civil requirements and performance capacity. The square longitudinal ledge was the only treatment
to significantly increase fish swimming endurance across all species when compared to the smooth
control channel, and significantly increased traversability in four of six species. Of the designs
tested, we recommend that the square beam modification be chosen for further optimisation of the
RVZ to maximise the size and velocity reduction relative to the bulk channel flow. Furthermore, we
hypothesise that adding minor levels of texture within the cavity of the beam design will increase
the effect of the boundary layers merging, and achieve a greater relative reduction in velocity in the
RVZ. This simple design is likely to be cost effective to retrofit existing structures, will likely



require minimal maintenance costs once inserted, and based on our preliminary work, should have
minimal impact on culvert discharge capacity. The application of this concept could be extended
from box culverts, to any structure where two smooth surfaces intersect, for example within
fishways such as vertical slots.
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